Oxidative stress is generated by toxic levels of reactive oxygen species (ROS) such as singlet oxygen molecules, superoxide anions (O 2 -), hydrogen peroxide (H 2 O 2 ), and highly reactive hydroxyl radicals (OH · ) through metalcatalyzed Haber-Weiss and Fenton reactions [6, 10] . ROS are created not only during normal metabolic processes including aerobic respiration and fatty acid β-oxidation, but also by exposure to abiotic stresses (such as heat, high salinity, and irradiation) or chemicals including ethanol, H 2 O 2 , menadione (MD), heavy metals, sulfuric acid, and xenobiotics [20] . ROS can damage a wide range of biological molecules including DNA, lipids, proteins, and carbohydrates [3] .
To overcome these adverse effects of ROS, aerobic organisms have developed a wide range of proteins for rescuing a variety of cellular functions. Among these, glutathione reductase (GR, E.C. 1.6.4.2) is a homodimeric flavin-containing oxidoreductase that catalyzes the conversion of oxidized glutathione (GSSG) into its reduced form (GSH) in the presence of nicotinamide adenine dinucleotide phosphate (NADPH) provided primarily by the pentose phosphate pathway [19] . This promotes cellular stability and integrity. GR is a homodimeric protein consisting of subunits with a molecular mass of about 55 kDa. The enzyme contains a redox-active disulfide in its active site and requires NADPH for its catalytic activity. In the absence of thiols, GR has a tendency to form tetramers and larger complexes [28] . To date, cDNA molecules encoding GR have been found in many types of organisms including bacteria, plants, and yeast as well as higher eukaryotes such as mice and humans [19] . In higher plants, three different types of GR are expressed in the cytosol, chloroplast, or mitochondria. Cytosolic isoforms of GR from rice (RGRC2) and peas (GOR2) have been identified by subcellular fractionation analysis [5] . In addition, chloroplastic was identified in Arabidopsis (AT-2) and peas (GOR1) [5] . However, the molecular properties and intracellular localization of plant GRs have not been completely elucidated.
Free radicals are produced from regular biochemical and physiological reactions in cells, and are involved in the etiology of many diseases such as cancer in humans and infection with pathogen in plants. Living organisms are protected against the damaging effects of these molecules by a broad range of systems. GR is involved in cellular defense mechanisms that offer protection from the harmful effects of endo-and exogenous hydroperoxides [28] . Aside from defending against free radicals and ROS, GR also has roles in protein and DNA biosynthesis, and maintaining a high GSH/GSSG ratio [11] . GSSG, in which two GSH molecules are linked by a disulfide bond, is usually generated through GSH oxidation by molecules produced by oxidative stress such as ROS [10] . Accordingly, the GSH/GSSG ratio is decreased by oxidative stress, suggesting that GSH and GSSG constitute a cellular redox buffer.
Changes in GR activity may affect the cellular antioxidant capacity and the ability to withstand abiotic stresses [2] . GLR1 knockout in yeast and GR knockout in mice produce viable organisms that have a high accumulation of GSSG and are hypersensitive to oxidants such as MD. This creates thiol oxidative stress and implies that GR contributes to the defense against ROS-induced oxidative damage [27] . Upand down-regulation of GR were found to cause various changes in many types of cells. Transgenic Drosophila that overexpresses GR was shown to be more resistant to environmental stresses than its wild-type control [17] . In addition, changes in GR isoform population between and within subcellular compartments in response to stress were observed in peas [5] . The expression of different GR isoforms can be stimulated by various environmental signals with different roles in the response of plants to stress. In leaf tissues, chloroplastic isoforms generate about 80% of the total GR activity [5] . This finding has been widely reported in numerous studies showing high activities in stress-tolerant Conyza plants and transgenic plants (cotton and tobacco) that overexpress GR [26] . Repression of chloroplast GR activity increases sensitivity to paraquat and methyl viologen (MV) in transgenic Nicotiana tabacum [26] . However, mechanisms underlying the role of GR in determining plant tolerance to stresses remain unclear. Taken together, results published in the literature show that GR plays an important role in the response of plants to abiotic stress by maintaining cellular glutathione homeostasis within cells. Levels of glutathione are maintained by de novo synthesis from the amino acids Glu, Cys, and Gly, and by the regeneration of GSSG [27] .
The roles of GR in plant are largely unknown because there is little molecular and structural information available. This is mainly due to the fact that stress responses and adaptation through changes in gene expression vary markedly in different groups of organisms [25] . Advanced yeast technology used to establish genetically modified yeast strains has helped elucidate the roles of individual genes. Therefore, a yeast strain in which the genes responsible for glutathione recycling have been modified would be beneficial and serve as a reliable model for determining the roles of GR in vivo. Here, we report the results of a study conducted to evaluate the OsGR-mediated response to different stresses and the fermentation process in a genetically modified strain of yeast.
MATERIALS AND METHODS

Plant Materials and Growth Conditions
The Ilmi variety of Oryza sativa L. japonica was used as the source of the OsGR gene that was overexpressed in yeast. Rice plants were grown in a greenhouse at Kyungpook National University (Korea). The seeds were germinated at 28-32 o C in a growth chamber, transplanted into soil pots 12.5 cm in diameter, and maintained at 28-32 o C with a 16-h light/8-h dark cycle.
Construction of the Recombinant Yeast Strain Expressing OsGR
Total RNA was isolated from the leaves of 4-wk-old rice seedlings using an RNeasy plant mini kit (Qiagen, Germany). The cDNA probe was synthesized according to the manufacturer's instructions with an RT-PCR premix kit (Bioneer, Korea). The OsGR coding region was amplified from cDNA by PCR using ExTaq polymerase (Takara, Japan). The PCR reaction conditions were as follows: the initial denaturation cycle was 94 The primers used for PCR cloning of the OsGR gene were 5'-ATCGAATCCATGGCTAGGAAGATG AAGGAC-3' (the EcoRI site is underlined) and 5'-ACTCTCGAG TGCCTACAAGTTTGTCTTTGG-3' (the XhoI site is underlined) as the sense and antisense primers, respectively. The PCR product was purified using a gel extraction kit (Nucleogen, Korea) and inserted into the TOPO TA cloning vector (Invitrogen, USA). The cloned plasmid was sequenced using a T7 primer set to confirm that no PCR-induced mutations were introduced, and digested with restriction enzymes EcoRI and XhoI. The digested plasmid DNA fragment was ligated into the yeast expression vector p426GPD (EUROSCARF, Germany) digested with EcoRI and XhoI. The resulting plasmid was named as p426GPD::OsGR. Competent E. coli DH5α cells that had been transformed with the p426GPD260::OsGR plasmid were used to amplify the plasmid DNA in Difco LuriaBertani (LB) broth (BD, USA) containing ampicillin (100 µg per ml). The plasmid DNA was isolated with a plasmid isolation kit (Nucleogen, Korea) according to the manufacturer's protocol. S. cerevisiae BY4741 cells were grown overnight in Difco YPD broth (BD, USA), inoculated in a fresh YPD broth, and incubated for 4 h at 30 o C with shaking (160 rpm) until the cultures achieved an OD 600 of approximately 1.5. The yeasts were then transformed with the p426GPD::OsGR plasmid using the PEG/LiCl method as previously described [8] . expressing the p426GPD::OsGR plasmid were able to grow in medium lacking uracil. The strain containing the transformed plasmid was used for the subsequent experiments.
Semiquantitative RT-PCR Total RNA from mid-log phase yeast cells (OD 600 = 3.5~4.0) was obtained using the hot phenol method as previously described [23] . Semiquantitative reverse transcriptase-polymerase chain reaction (RT-PCR) was performed with a one-step RT-PCR PreMix kit (iNtRON, Korea) according to the manufacturer's instructions and using primer sets specific for the coding sequence of each gene. The PCR products were separated on a 1.2% agarose gel in 0.5× TBE buffer and stained with ethidium bromide for visualization. The housekeeping gene PDA1 was used as a control [33] .
Protein Extraction
Crude protein extracts were prepared using glass beads. Cells grown to mid-log phase were exposed to 30 mM H 2 O 2 , 0.2 mM menadione (water-insoluble form, MD), 20 mM tert-butylhydroperoxide (t-BOOH), 5 mM CdCl 2 , 1% SDS, 0.1 M ZnSO 4 , 0.1 M FeCl 2 , 10 mM CuCl 2 , 15% ethanol, 0.1 M salicylic acid (SA), and 5.0 M NaCl, respectively, for 1 h at 30 o C (having been properly shaken). Cells were also heated for 10 min at 55 o C. The cells were then washed with cold PBS buffer [phosphate-buffered saline tablets (10×), pH 7.3 to 7.5, Invitrogen, USA] three times, and resuspended in a lysis buffer containing 20 mM HEPES, pH 7.5, 5% glycerol, 1 mM DTT, 1 mM PMSF, and EDTA-free protease inhibitor cocktails (Pierce, USA), with an equal volume of glass beads (425-600 µm; Sigma, USA). After vigorously vortexing five times for 1 min at 2 min intervals on ice, the protein extracts were cleared by centrifugation at 13,000 rpm for 20 min at 4 o C. Protein concentrations were determined by Bradford assay using a Protein Dye Reagent (BioRad, USA).
Western Blot Analysis
Protein extracts (20 µg) were loaded onto a 10% SDS-PAGE gel and separated at 50 V. The proteins were then transferred to PVDF membranes (Bio-Rad, USA). The membranes were incubated in blocking buffer containing 5% non-fat skim milk, 0.02% sodium azide in TBST (0.05% Tween-20, 10 mM Tris-HCl, pH 7.6, and 150 mM NaCl) for 1.5 h at room temperature, and incubated at 4 o C overnight with antibody against GR from plants (Agrisera, Sweden) diluted to 1:4,000 and anti-tubulin antibody (SantaCruz, USA) diluted to 1:2,000 with blocking buffer. The blots were washed three times for 30 min with TBST, and incubated with an anti-rabbit secondary antibody conjugated with horseradish peroxidase (SantaCruz, USA) diluted (1:8,000 or 1:4,000) with blocking buffer lacking 0.02% sodium azide for 1.5 h at room temperature. After washing with TBST, antibody binding was visualized using ECL Western blotting detection reagent (GE Healthcare, USA). Tubulin was used as a loading control. Band intensity was calculated with Image J software (http://rsbweb.nih.gov/ij/).
Glutathione Reductase Activity Assay
Cells were grown to mid-log phase in YPD medium and harvested by centrifugation (2,000 rpm, 3 min, 4 o C). GR activity was assayed spectrophotometrically. The assay was performed at room temperature in a reaction mixture (total volume of 1 ml) containing 50 mM potassium phosphate, pH 7.8, 0.5 mM GSSG, 0.1 mM NADPH, and crude yeast cell extract (100 µg). Absorbance was measured at 340 nm. GR activity was calculated using an absorbance coefficient of 6.2 mM
. One unit is the amount of enzyme that oxidizes 1 nmol of NADPH per minute at 25 o C [7] .
Stress Tolerance Assay
To measure the response to stress under various conditions, yeast cells (1×10 5 cells per ml) grown overnight were used to inoculate YPD medium (1% yeast extract, 2% peptone, and 2% glucose). Once reaching the mid-log phase (A 600 = 4.0), the cells were exposed to 30 , and 5.0 µl of the diluted cells was spotted onto YP agar plates (1% yeast extract, 2% peptone, and 1.5% agar) containing 2%, 10%, 15%, 20%, or 30% glucose, and YPG (1% yeast extract, 2% peptone, and 15% glucose) supplemented with 4 mM H 2 O 2 or 6% ethanol. Plates were incubated at 30 o C for 3 days and photographed.
Laboratory-Scale Batch Fermentation
To evaluate the fermentation ability, the cells were grown under aerobic fermentation conditions on a shaker (160 rpm) at 30 o C for 72 h in YG medium containing 20% (w/v) glucose and 1% (w/v) yeast extract. The alcohol concentration was determined based on the percentage (v/v) of alcohol in the distillate after fermentation with an alcohol hydrometer REF 503 (Korins, Korea). Residual total sugar concentrations were measured with a Hand-Held Refractometer N1 (Atago, Japan). Samples of alcohol and residual glucose concentrations were obtained after removing the cell debris by centrifugation (2,000 rpm, 3 min). To measure for GR expression and cell survival during the fermentation process, the cells were harvested at various time points (18, 36 , and 54 h for GR expression, and 24, 48, and 72 h for cell survival).
Amino Acid Sequence Alignment and Molecular Building OsGR (Accession No. P48642) was aligned with a known yeast GR sequence (ScGR, NP_015234) using Multalin software (http:// multalin.toulouse.inra.fr/multalin/multalin.html). To predict the OsGR 3D structure based on this homology, we used bioinformatics tools and databases including NCBI (National Center for Biotechnology Information), PDB (protein data bank), and UCSF (University of California, San Francisco) Chimera software, to obtain information about the OsGR protein and the genetic pool. The homology modeling procedure can be divided into four sequential steps: template selection, target template alignment, model construction, and model assessment. The homology modeling required query sequences (OsGR, P48642) with unknown 3D structures and target sequences (yeast GR, NP_015234) that have known 3D structures with at least a 35% similarity. The PDB file for the target sequence of the yeast GR protein was downloaded from the PDB (http:// www.rcsb.org/pdb). The template sequences for the query (Accession No. P48642) was obtained from NCBI and mined in the FASTA format. The FASTA sequences of the query (Accession No. P48642) and PDB template (2HQM_A) were uploaded onto the ESyPred3D Web Server 1.0 (http://www.fundp.ac.be/sciences/biologie/urbm/ bioinfo/esypred/) to construct the OsGR PDB file. The ESyPred3D Web Server 1.0 sent the PDB file to the e-mail address that was assigned to the modeling server. The PDB files for the query and homologous target sequence were further utilized for 3D model building. Visualization of 3D protein structures was done using UCSF Chimera (http://www.cgl.ucsf.edu/chimera/index.html). Using Chimera, we were able to assess the positions of different amino acids present in the active site of the proteins, and determine the positions of conserved regions and mutational sites.
Statistical Analysis
All experiments were independently repeated at least three times. All results performed in this study were represented as a representative.
RESULTS AND DISCUSSION
Analysis of Yeast GR Expression with Abiotic Stresses
To eveluate the expression patterns of endogenous yeast GR in the presence of different stressors, an immunoblotting analysis was performed. As shown in Fig. 1A , GR expression was down-regulated in the presence of various stressors including heat shock, hydrogen peroxide (H 2 O 2 ), menadione (MD), tert-butylhydroperoxide (t-BOOH), ethanol (EtOH), sodium dodecyl sulfate (SDS), sulfuric acid (H 2 SO 4 ), cadmium chloride (CdCl 2 ), copper chloride (CuCl 2 ), zinc sulfate (ZnSO 4 ), and ferric chloride (FeCl 2 ). However, GR expression was up-regulated when the cells were exposed to salicylic acid (SA) and sodium chloride (NaCl). To examine the effects of GR down-regulation, a glr1 mutant strain encoding GR was examined. The glr1 mutant cells were hypersensitive to heat shock, H 2 O 2 , MD, SDS, CuCl 2 , CdCl 2 , and ZnSO 4 compared with the wildtype cells (Fig. 1B-1I ). In previous reports, deletion of the URE2 gene enhanced the toxicity of various metals ions such as cadmium and pro-oxidative agents such as H 2 O 2 , t-BOOH, and cumen hydroperoxide [13] . Increased sensitivity to stress in yeast lacking the Ure2 protein, a bifunctional factor involved in both nitrogen catabolite repression and the oxidative stress response, was attenuated by GSH. This protected the cells against toxicity caused by heavy metals and hydroperoxides, because Ure2p binds to glutathione with a high affinity and has been shown to exhibit glutathione peroxidase activity in vitro, which may have a role in protecting cells from oxidative stress [13] . GR recycling of GSH seems to be involved in cellular defense against heavy metals and oxidants. To date, there have been some studies assessing GR expression at the transcriptional level in the presence of heat shock and oxidants such as H 2 O 2 and MD using a microarray [1, 4, 12] , but this has not been performed at the translational level.
Construction and Evaluation of the OsGR Recombinant Yeast Strain
In the presence of abiotic stresses, GR activity of the yeast cells decreased; the glr1 mutant cells were hypersensitive to these stresses (Fig. 1) . Based on our results, we examined whether expression of the exogenous GR gene affected the acquired tolerance for oxidative stress in yeast cells, since endogenous yeast GR expression is down-regulated in the presence of different stimuli. cDNA containing the open reading frame (ORF) region of the GR gene from Oryza sativa was cloned into the yeast vector p426GPD that allows constitutive expression of a target gene under the control of the yeast glyceraldehyde-3-phosphate dehydrogenase (GPD) promoter. After digestion with the restriction enzymes EcoRI and XhoI [21] , the DNA fragment was approximately 1.5 kb in size (Fig. 2A) . The construct was sequenced to confirm that the ORF orientation was correct and introduced into the S. cerevisiae BY4741 strain. The complete OsGR ORF encoded a 496-amino-acid protein with a predicted molecular mass of approximately 54 kDa.
To explore whether the OsGR gene was effectively expressed, we first performed a semiquantitative RT-PCR analysis. One DNA fragment of 392 bp corresponding to the region within the OsGR ORF was detected in the OsGR-expressing transgenic yeast cells (TG1 cells), whereas no signal was detected in the wild-type cells (WT cells) expressing the empty vector (Fig. 2B) . To determine whether the OsGR gene was properly translated, we also performed immunoblotting and enzyme assays. As shown in Fig. 2C (upper panel), we confirmed the ectopic expression of OsGR in the TG1 cells, even though the plant anti-GR antibody binding was detected in the WT cells. Detection of GR in the WT cells resulted from the expression of endogenous yeast GR protein. The ratio of GR to Tubulin (Tub) was 1.23-fold higher in the TG cells compared with WT cells. To further clarify OsGR expression, we constructed glr1 mutant cells with OsGR::p426GPD (TG2 cells) and cells expressing only the empty vector (MG1 cells). In the immunoblotting analysis using the same plant anti-GR antibody, a single band was detected in the TG2 cells. No signal was detected in MG1 cells under the same condition (Fig. 2C, lower panel) . Ectopic OsGR expression was also detected by enzyme assay. Total GR activity was 1.3-fold higher in the TG1 cells than the WT cells grown under normal conditions (Fig. 2D) . Taken together, our results indicate that the OsGR gene under the control of the GPD promoter was properly expressed in the genetically modified yeast cells.
Molecular Building of the OsGR Protein
GR is a homodimeric flavoprotein and contains FAD molecules as a prosthetic group that is reduced by NADPH [29] . To examine molecular properties of OsGR, a multiple sequence alignment (MSA) was performed on OsGR with the known yeast GR (ScGR) sequence (Fig. 3A) . A pairwise alignment of OsGR and ScGR was extracted from Multalin. There was a redox-active disulfide bridge between Cys70 and Cys75 of OsGR (red box). According to the MSA, these two cysteines were preserved in ScGR (Cys61 and Cys66). The molecular mass of the homodimeric GR enzymes is about 55 kDa. It has been noted that in the absence of thiols (redox active sites), GR has a tendency to form tetramers and larger complexes [28] . In addition, the nucleotide (FAD) binding domain (yellow box), NADPH binding domain (blue box), proton acceptor (green box), and modified residue (violet box) are conserved (Fig. 3A) . OsGR has a 35% identity and 38% similarity compared with ScGR. This ensures that a disulfide bond and conserved domains will be in the molecular structure of the OsGR protein (Fig. S1) . The 3D structure of the GR protein from Oryza sativa was constructed by homology modeling based on the PDB file obtained from the ESyPred3D Web Server 1.0 using the UCSF Chimera software. This structure consisted of amino acids 21-480 out of 496 amino acids (Fig. 3B) . As shown in Fig. 3B , the active sites of the OsGR model fit the ScGR template well, whereas there were some differences between the model and template at the Nand C-termini. The high sequence and structural homology of OsGR enable this protein to catalyze the pyridinenucleotide-dependent reduction of a variety of substrates, including ones with disulfide bonds (lipoamide dehydrogenase, GR, thioredoxin reductase, and akylhydroperoxide reductase), and indicate that it is a disulfide oxidoreductase [32] . Our findings indicate that the OsGR protein can function in a cell rescue system and complementary role because OsGR is structurally very similar to yeast GR. Furthermore, homology modeling allows us to expand the number of other GR protein sequences and is also used to support cell rescue system design research. Information obtained by molecular building will be used to screen other GR proteins as a valuable genetic source to further improve stress-tolerant yeast strains.
Response of the Transgenic Yeast Cells Expressing OsGR to Abiotic Stresses
The effect of stress on cell survival was evaluated in yeast transformed with plasmid p426GPD containing the GR gene or the vector alone to explore the ability of OsGR expression to enhance resistance to abiotic stresses in S. cerevisiae. Stress tolerance was measured with a spotting assay. No differences in the growth rates of TG1 and WT yeast cells were detected under normal conditions (Fig. 4A) . Acquired tolerance of the TG1 yeast cells exposed to different stressors for 1 h was higher than that of WT cells (Fig. 4B-4K) , whereas TG1 cells were hyposensitive to tert-butylhydroperoxide (t-BOOH), NaCl, salicylic acid (SA), and lactic acid (Fig. S2) . GSH homeostasis in the TG1 yeast cells was important for adaptation and/or overcoming unfavorable conditions because gsh1 and gsh2 mutant cells (data not shown) as well as glr1 mutant cells expressing GR (Fig. 1B) were hypersensitive to ROS-induced oxidative stress compared with WT cells. In addition to (pro)oxidants such as H 2 O 2 , MD, t-BOOH, and heat shock, the toxic effects of metals may involve inactivation of GR, blocking the functional groups of other biomolecules, and ROS generation via the Fenton reaction that subsequently results in lipid peroxidation and damage to other molecules. Redox-active metals such as iron and copper lead to the generation of very reactive hydroxyl radicals and promote oxidative stress through their redox-cycling activity. Nonredox-active metals such as cadmium can also indirectly induce oxidative stress by depleting free radical scavengers such as GSH and protein-bound sulfhydryl groups [9] . Aerobic organisms such as yeast have developed a set of cellular rescue systems to minimize or prevent these detrimental effects of oxidative stress. Among these, GR is a key enzyme for the conversion of GSSG into GSH in a NADPH-dependent manner in both prokaryotes and eukaryotes. Its function is required for maintaining the GSH redox potentials in cellular organs [15] . Furthermore, metallothioneins (MTs), cysteine-rich proteins, protect yeast cells against metal toxicity and play a role in the homeostasis of essential metals [14] . Yeast Ypk9, a homolog of the human gene ATP13A2 involved in Kufor Rakeb syndrome, plays a role in resistance to heavy metals [22] . Expression of heterologous ahpC (alkyl hydroperoxide reductase) [16] and all3940 (Dps family gene) [18] from Anabaena sp. PCC 7120 protects E. coli BL21 from multiple ROS-generating abiotic stresses including heat, salt, cadmium, copper, and salt. It has been proposed that OsGR participates in cellular protection against stress, such as oxidative stress, by maintaining an adequate redox balance in the intracellular environment and can thus regulate various cellular activities in different organisms [6, 10, 15] . Results from the present study suggest that ectopic OsGR expression in the TG1 yeast cells enhanced and improved tolerance for multiple abiotic stresses by maintaining redox homeostasis.
Effect of High OsGR Expression Under Batch Fermentation Conditions
Since TG1 cells expressing OsGR were more resistant to high ethanol concentrations (15%) and other exogenous stimuli than WT cells, laboratory-scale fermentation with TG1 or WT yeast cells was performed at 30 o C under aerobic conditions. A small difference in alcohol yield and residual glucose content at 30 o C, which is the temperature generally used for industrial fermentation, was observed between the TG1 and WT cells. During fermentation at 30 o C, the alcohol yield of TG1 cells was approximately 5% lower than that of the WT cells. The residual glucose concentration was inversely proportional to the alcohol concentration during fermentation. Similar results were observed in the MG1 and TG2 cells. There was no difference in alcohol concentration or residual glucose content between these cells under the same fermentation condition. However, alcohol concentrations were higher for the WT and TG1 cells than the MG1 and TG2 cells even though a strong impact in these cells did not display during the fermentation process. In addition, there was no difference in cell survival between WT and TG1 cells during the fermentation period, whereas survival of the TG2 cells decreased slightly compared with MG1 cells during fermentation for 72 h in YG medium (Fig. 5B) .
Changes in GR protein expression were measured to see if there were associations between the small decrease in alcohol yield, cell viability, and GR activity during the fermentation process. GR expression in the TG1 cells decreased gradually during the fermentation process and was lower than that of WT cells (Fig. 5C, upper panel) . To examine whether the OsGR protein was decreased during the fermentation period, immunoblotting was performed for the MG1 and TG2 cells. As seen in Fig. 5C (lower panel), GR expression in the TG2 cells was reduced in a time-dependent manner. This result indicates that the OsGR protein was decreased during fermentation, thereby affecting the yeast fermentation ability. No significant differences were observed in alcohol yield and residual glucose content at 30 o C (Fig. 5A) between the WT or MG1 cells and the transgenic TG1 and TG2 cells even though the fermentation capacities of the WT and TG1 cells were greater than those of the MG1 and TG2 cells. Based on these results, we determined whether the OsGR protein is reduced by factors such as high glucose concentrations during the fermentation process. Contrary to our expectations, the OsGR protein was not diminished in the presence of high glucose levels. In particular, the TG2 cells were more tolerant to glucose compared with the MG1 cells (Fig. 6A) .
Next, we checked to see if the OsGR protein is down-regulated by two factors or more rather than a single component (high glucose concentrations) during fermentation. As seen in Fig. 6B , the OsGR protein was decreased by different factors during fermentation, given that the TG1 and TG2 cells expressing OsGR were hypersensitive to medium supplemented with 15% glucose and 4 mM H 2 O 2 , or 15% glucose and 6% ethanol compared with the WT and MG1 cells. These findings show that the OsGR protein is complementary of yeast GR gene under a single stressor such high glucose concentrations, but the activity of this protein affects the response to mixed and interrelated stresses including pH downshift, osmotic pressure, oxygen concentration, oxidative stress, high temperature, ethanol concentration, and nutrient starvation during fermentation (Fig. S3) . In fact, TG1 cells had greater sensitivity to stresses like osmotic and acid shocks generated during (Fig. S2) . As seen in our study, changes in GR activity may affect the cellular antioxidant capacity and ability to withstand abiotic stresses. According to previous reports [2, 11, 28] , cells in which the GR activity is inhibited by the alkylating agent carmustine (BCNU) are highly susceptible to ROS-induced oxidative stress due to agents such as paraquat, zinc, copper, iron, cadmium, ozone, ultraviolet light (UV), and peroxides [30, 31] . Loss of GR activity has been observed in the liver and kidney of fish exposed to arsenic and in an isolated rat hematocyte subjected to ethanol intoxication [2] . In yeast, GR activity is inhibited by trehalose and ethanol in a dose-dependent manner, with 70% inhibition achieved in the presence of 1.5 M trehalose and 15% ethanol [24] . This inhibition is also observed during aerobic incubation with NADPH, NADH, and several other reductants in a time-and temperature-dependent manner [32] . There have also been several reports in the literature on the inactivation of purified GR by metals, diamide, reducing agents, carbonyl compounds, peroxynitrate, and systems that generate free radicals [30] . Considering the large number of studies linking decreased GR activity to abiotic stress both in vitro and in vivo, understanding the mechanism of GR downregulation under physiological conditions is of clear biological relevance [2] . Underlying mechanisms of OsGR reduction may include conformational folding that "buries" active sites or molecular aggregation bring about by hydrogen bonding and disulfide bond formation [28, 30] . Inhibition of GR and the loss of redox balance may have detrimental effects on metabolic regulation, cellular integrity, and organ homeostasis that may ultimately contribute to the pathogenesis of many diseases in aerobic organisms including humans and plants. Although various studies have been performed to examine GR down-regulation [2, 24, 28, 30, 31] , the process of GR reduction mediated by fermentation is poorly understood. The results of the present study suggest that GR is decreased in the presence of two or more factors, but the mechanism underlying this reduction remains to be elucidated. Taken together, our findings indicate that fermentation affects GR activity, especially OsGR activity, which is a limiting factor for the calculated alcohol yield of the TG1 and TG2 cells during fermentation.
In conclusion, the results from our study show that enhanced expression of the GR gene from Oryza sativa, a heterologous source, can confer tolerance for abiotic stresses, including chemical and oxidative stresses, in nonphotosynthetic yeast cells. This plays a key role in the defense against stress by maintaining cellular homeostasis under different environmental conditions. Further studies are needed to identify a mechanism that bypasses GR down-regulation during the fermentation process or prevents GR reduction through expression of a novel gene. Engineering of stress-related genes from plants may provide new possibilities for developing genetically modified organisms with greater abilities to adapt to environmental hardships, for industrial and/or agricultural uses.
